INTRODUCTION {#SEC1}
============

Unwinding of dsDNA is ubiquitous in the cell, occurring during transcription, replication and repair ([@B1]), leading to a prevalence of negative supercoiling of DNA in cells ([@B2],[@B3]). Under physiological values of applied force and torque, these negatively supercoiled DNA domains have a propensity to spontaneously form bubbles ([@B4]). These can be stabilized by the single-stranded-binding proteins such as replication protein A (RPA) which subsequently may affect DNA processing ([@B5]). RPA, the most abundant single-stranded-binding protein in mammalian cells ([@B6]), consists of three subunits ([@B7]) and four binding domains that enable an unstable 8 nt, and a stable 30 nt binding mode ([@B8]). It is heavily involved in replication, repair and recombination to protect and stabilize DNA.

Hep-A related protein, HARP, also known as SMARCAL1 (SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily a-like 1), has the uncommon ability to re-anneal RPA-stabilized DNA bubbles into double-stranded DNA ([@B9]) via adenosine triphosphate (ATP) hydrolysis. It has been termed an annealing helicase because it has the reverse action of helicases that more commonly unwind DNA and allow single-stranded binding protein to bind ssDNA. It has been shown that HARP is recruited to sites of DNA damage *in vivo* ([@B10]) by RPA, and it is thought that HARP has a role in replication fork restart and repair ([@B11]--[@B13]).

HARP is a member of the helicase superfamily 2 (SF2) due to the amino acid-sequence similarity of seven helicase motifs ([@B14]). Furthermore, with its helicase-like region similar to the primary sequence of *Saccharomyces cerevisiae* Snf2p, it belongs to the Snf2 family ([@B14],[@B15]). Despite the presence of these helicase motifs, no Snf2 protein has been shown to exhibit helicase-like activity ([@B15],[@B16]). The Snf2 family consists of ATP-hydrolyzing proteins and they have been identified in eukaryotes, eubacteria, and archea ([@B14],[@B15]). Some proteins within the family act as ATP-dependent DNA translocases, while others have been shown to generate torsion within DNA ([@B17]) or to affect other DNA--protein interactions ([@B14]).

Only a handful of proteins have been shown to have the ability to rewind DNA, including RecG and UvsW ([@B18]). Even fewer have been shown to anneal RPA-stabilized DNA bubbles, with HARP and ZRANB3 (AH2) the only two to have been reported to do so ([@B19]). Mutations in HARP are responsible for Schimke immuno-osseous dysplasia, a severe autosomal-recessive pleiotropic disorder ([@B20]). In this work, we aim to elucidate the mechanism through which HARP interacts with RPA in order to anneal RPA-stabilized DNA bubbles ([@B9]).

With the high affinity for fork DNA ([@B9],[@B12]) and known interaction with RPA ([@B10],[@B21]), the ideal single-molecule substrate to study HARP is a ds/ssDNA junction where the ssDNA is bound by RPA, and yet the molecule retains torsional constraint. Indeed, our approach creates such a physiologically relevant structure by forming an RPA-stabilized bubble within a single molecule of dsDNA through binding of RPA to a negatively supercoiled dsDNA molecule ([@B22]). The single-molecule tool of choice here, magnetic tweezers (MT), allows the well controlled application of torque and the creation of supercoiling. By carefully tuning the force applied to the DNA, writhe that is produced upon supercoiling is transferred into plectonemes. Each time an additional helical turn is placed into the DNA ∼180 bp are formed into a loop that no longer contributes to the end-to-end length of the DNA. Any small change in the hybridized state (hence linking number) of the DNA alters the number of helical turns present in torsionally constrained molecules and, in doing so forms or removes plectonemic loops, which in turn decreases or increases the DNA end-to-end length. As RPA binds to DNA to form our bubble substrate, it 'unwinds' regions which causes a local change in linking number that must be balanced as the total linking number is conserved. This balance is realized by the creation or removal of plectonemes, and hence a large, detectable addition or subtraction of 160 bp to the DNA length. Having created an RPA-stabilized DNA bubble, the action of HARP should be directly observable in real time, as it re-anneals the substrate and hence induces sizeable DNA length changes.

Here, we demonstrate that we are able to observe, for the first time, the annealing of RPA-stabilized bubbles by HARP in real time. From the comprehensive set of data, we propose a mechanism for the observed low processivity of HARP annealing, and establish previously unknown details about the structure of RPA bubbles at physiologically relevant supercoiling (σ ≲ −0.03) ([@B23]).

Single-molecule setup {#SEC1-1}
---------------------

Our assay employs single-molecule MT that allow the application of both force and torque on a superparamagnetic microsphere. By tethering a dsDNA molecule between a glass surface and the microsphere, constraining both strands of the DNA duplex to the respective surfaces, magnet rotations are able to over- or underwind the DNA. Indeed, through applying magnet rotations against the helical nature of the DNA, negative supercoiling can be imparted.

It is generally assumed that negatively supercoiled DNA contains 'bubbles', local areas where the DNA duplex has 'melted' into two single strands. The propensity and size of such bubbles depends on force ([@B24]), although little is known about their stability, size or lifetime. We apply relatively low forces such that creation of DNA bubbles creates a significant DNA extension change via a change in plectoneme number. Any bubble that is formed is likely transient ([@B25]), and to prevent re-hybridization we use single-stranded-binding protein, namely RPA, resulting in a permanently open structure.

Figure [1](#F1){ref-type="fig"}(i--v) shows the design of our assay (See 'Materials and Methods' section for details). Once tethered and suitable DNA molecules are identified, the magnetic microspheres are held at a force of ∼0.5 pN and rotated about the z-axis in the same sense as the natural helical twist of the DNA, resulting in the creation of positive plectonemes ([@B26]). RPA is then placed in the flow cell at the desired concentration. No reaction takes place as no binding substrate is available for the single-stranded-binding protein due to the overtwisting of the DNA ([@B4]) (Figure [1](#F1){ref-type="fig"}(i)). The magnets are then rotated such that the DNA is twisted against the natural helical twist resulting in negatively supercoiled (plectonemic) DNA that has a propensity to form transient bubbles large enough to initiate torsionally regulated RPA binding (Figure [1](#F1){ref-type="fig"}(ii)) ([@B4],[@B27]). Each RPA molecule that stably binds to the DNA has a footprint of 30 nt ([@B7],[@B27]) and hence removes about three helical turns from the dsDNA, creating a local decrease in linking number of −3. In order to conserve linking number globally, three plectoneme loops are removed as a result, which is observed as a clear increase in the microsphere height. Once all writhe has been removed from the DNA, RPA binding is no longer possible (Figure [1](#F1){ref-type="fig"}(iii)). Next, all remaining non-bound RPA is removed from the flow cell, and HARP is placed in the flow cell at the desired concentration and buffer conditions (Figure [1](#F1){ref-type="fig"}(iv)). The hypothesis is HARP will now re-wind RPA-stabilized bubbles in a highly processive manner ([@B9],[@B13]), reforming the natural helical structure. In order to again conserve linking number, negative plectonemes will re-appear and hence the microsphere will decrease in height (Figure [1](#F1){ref-type="fig"}(v)).

![Magnetic tweezers apparatus used in this study and outline of assay, (i--v). (**A**) An LED provides illumination via a collimating aspheric lens, L, through magnet assembly M. The flow cell is imaged via a 50× objective in conjunction with an achromatic doublet tube lens, TL, onto a CMOS camera. Sample is pipetted into the inlet, I, and removed via syringe pump, SP. (**B**) (i) Sequence of events in the experiment. DNA is supercoiled by applying positive rotations to the bead with, resulting in the formation of plectonemes; and RPA is added. (ii) The supercoiling is switched to negative values, enabling the start of a torsionally regulated RPA-binding reaction. (iii) Once all writhe has been removed from the DNA, RPA binding ceases. (iv) All remaining non-bound RPA is removed from the flow cell and HARP is placed in the flow cell in the desired concentration and buffer conditions. (v) Any action that HARP performs that effects the annealed state of the DNA will result in a change in the number of plectonemes. As reported in this paper HARP closes the RPA-stabilized bubble, reforming the natural helical structure, thus creating 'negative' plectonemes and hence the microsphere will decrease in height.](gkx147fig1){#F1}

MATERIALS AND METHODS {#SEC2}
=====================

DNA constructs {#SEC2-1}
--------------

A 21 kb construct was created through growing up a 'pSuperCos-lambda1,2' custom plasmid in bacteria. This was created by cloning two Lambda DNA fragments into pSuperCos. The first lambda fragment was created using polymerase chain reaction (PCR) on the region 39 017--48 413 with forward primer AAGGAAAAAAGCGGCCGCTACATCTCGAGATGGTGCATCCCTCAAAACGAG and reverse primer GGAAAGGGCCCGTAAAGTGATAATGATTATCATC before being digested with NotI (12) and PspOMI (9476) and inserted into lambda DNA with NotI at positions 8 and 59. The second lambda fragment was created using PCR on the region 22 502--27 465 with forward primer TTGGCGCGCTTGATACATCAACTGCACCTGATATTG and reverse primer CCAGATCTACGACCTGCATAACCAGTAAG and inserted into the former step using BglII (12027) and BssHII (12 588). The resulting plasmid is 20 678 bp in length. A biotin handle was made using PCR on pBluescriptII SK+ (Stratagene) with forward primer GACCGAGATAGGGTTGAGTG and reverse primer CAGGGTCGGAACAGGAGAGC. The PCR reaction contains 0.2 mM dNTPs (Promega) and 0.04 mM biotin-16-dUTP (Roche Diagnostics). This handle, with approximately one out of every five thymine nucleotides replaced by a biotin-16-dUTP, was digested with XholI giving a biotin-handle of either 554 or 684 bp. To create a digoxigenin handle, the same procedure was performed except using dig-11-UTP and digestion with NotI to give a digoxigenin-handle of 614 or 624 bp. After digestion these handles are ligated onto the digested (Xhol and NotI) pSuperCos-lambda1,2 to form the final construct.

HARP preparation, buffers and reagents {#SEC2-2}
--------------------------------------

HARP and RPA was prepared and purified following the procedure of Yusufzai and Kadonaga 2008 ([@B9]). HARP buffer (HB) consisted of 10 mM Tris pH 7.5, 16.8 mM KCl, unless indicated otherwise, 1.68 mM MgCl~2~, 0.98 ethylenediaminetetraacetic acid (EDTA), 1.5 mM ATP unless indicated otherwise and 0.5 mM dithiothreitol. The dithiothreitol is made fresh from dry stock on the day of each experiment. RPA buffer (RB) consisted of 30 mM Tris pH 7.5 and 16.8 mM NaCl.

Magnetic tweezers {#SEC2-3}
-----------------

MT were used as extensively described before ([@B28]). A multiplexed MT system was employed ([@B29]) with the important details described below and in Figure [1](#F1){ref-type="fig"}. The system is based on a custom built microscope utilizing a 50× Plan NA 0.90 Oil (Nikon) with an achromatic doublet tube lens (200 mm) to provide 50× magnification. Illumination is provided from a green LED that, once collimated with an aspheric lens, is projected through the magnet assembly onto the flow cell. The magnet assembly holds two 5 mm cubed NdFeB magnets (W-05-N50-G, Supermagnete, Germany) in the vertical orientation ([@B30]) with vertical and angular position controlled by high-resolution translation and rotation stages (M-126.PD1, C-150.PD, Physik Instrumente, Germany). The image is focused onto a CMOS camera (Falcon 1.4M, Teledyne Dalsa, Germany) with images used directly for real time tracking via custom LabVIEW (National Instruments) code for immediate feedback. Compressed images are saved to disk for post processing and multiplexed microsphere tracking ([@B29],[@B31]). The flow cell is constructed from two type-one coverslips (BB024060S1, Fisher Scientific, Netherlands), where one coverslip was sandblasted to create two 3-mm holes for flow inlet and outlet. Both coverslips are placed in an ultrasonic acetone bath for 30 min before being washed in isopropanol and left to dry. The bottom coverslip is first coated in a 1 in 400 ethanol (v/v) diluted solution of polystyrene microspheres (Polysciences Europe GmbH, Germany) and heated on an 80°C hotplate for 15 s, to later act as reference microspheres. Next, the same coverslip is coated in 0.1% w/v nitrocellulose (LC2001, Invitrogen, USA) and heated on an 80°C hotplate until dry. Finally, a two-ply piece of paraffin wax film (Parafilm M, Bemis, USA) is sandwiched between the two coverslips and heated on an 80°C hotplate for 60 s while providing gentle pressure to ensure sealing. The constructed flow cells can be kept at 4°C for up to two months, until experiments are conducted.

Tethering of DNA-microsphere constructs {#SEC2-4}
---------------------------------------

Approximately 100 μl of anti-digoxigenin (Fab fragments 11214667001, Roche Diagnostics, Netherlands) (100 μgml^−1^) is pipetted into a flow cell via capillary action and left at room temperature for 30 min. Next the anti-digoxigenin is replaced with 1 ml of T~20~E~5~ (20 mM Tris pH 7.5 (Promega, H5123), 5 mM EDTA (Sigma-Aldrich, E7889)) before being replaced by bovine serum albuemin, bovine serum albumin (BSA) (100 mg ml^−1^) (B9001S, Bioke, Netherlands) for 1 h before finally being replaced by T~20~E~5~ and mounted in the apparatus. To bind DNA constructs to magnetic microspheres, 5 μl of 1 μm diameter magnetic microspheres (Dynabeads MyOne Streptavidin C1, Life Technologies) are washed in 100 μl of T~20~E~5~ + Tween~0.05~ (0.05% v/v Tween 20 (Promega, H5151)) before being aggregated with a magnet in order to remove the supernatant. This is repeated three times before re-suspension in 10 μl T~20~E~5~ + Tween~0.05~. A total of 1 μl of DNA stock solution is added to the washed microspheres at a concentration such that the molar ratio of microspheres and DNA is ∼1 : 1. The volume of DNA added is adjusted in order to optimize the number and quality of tethers in the field of view. The DNA and microspheres are left at room temperature for 20 min. The constructs are washed a final time with 59 μl of T~20~E~5~ + Tween~0.05~ and 1 μl BSA, aggregated using a magnet and supernatant removed. Finally the constructs are re-suspended in ∼200 μl of T~20~E~5~ + Tween~0.05~. This final volume is also adjusted in order to optimize the number and quality of tethers in the field of view. Tethers are created by flowing approximately 100 μl of the microsphere-DNA construct suspension into the flow cell before stopping all flow from the syringe pump and leaving the microsphere-DNA constructs for 10 min. Finally ≥1 ml of T~20~E~5~ is flowed through the flow cell to remove any non-tethered microspheres and DNA.

Details of MT assay {#SEC2-5}
-------------------

Once tethered, the DNAs are characterized by performing a dynamic force-extension curve ([@B29],[@B32]), recording motion at a fixed magnet height to calibrate forces ([@B32]) and rotating the magnet from 0 to +80 to −80, and back to 0 turns, at 0.45 ± 0.01 pN first in HB and secondly RB to measure rotation curves. These curves allow the calculation of any rotation offset due to ionic strength variation, that will affect the amount of supercoiling for each tether. Any tethers that were found to have the incorrect mechanical parameters or that were not torsionally constrained were rejected from analysis. The flow cell is then flushed to contain RB, and the force is set to 0.45 ± 0.01 pN and the agents are rotated to +40 turns (*σ* = 0.02) at 4 Hz. Next a 200 μl, 2.2 μM stock solution of RPA is removed from a −80°C freezer, defrosted in a room temperature water bath and a 10 nM solution of RPA in RB is pipetted into the flow cell. Finally, the reaction is started by rotating the magnets to −60 turns (*σ* = −0.03) at 20 Hz. Once the reaction appears to be finished (as seen by microsphere height returning to that of non-supercoiled DNA) the force is increased to 0.70 ± 0.02 pN as a secondary measure to ensure the reaction has completed as the rate is force dependent ([@B27]). Next, 5 ml (∼50× the flow cell volume) of HB is flushed through the flow cell in order to remove all non bound RPA. The force is then changed to 0.45 ± 0.01 pN. Finally a 10 μl, 1.415 μM stock solution of HARP is removed from a −80°C freezer, defrosted in a room temperature water bath and the desired concentration of HARP in HB is prepared and immediately pipetted into the flow cell. The position of the probe and reference microspheres are tracked using a quadrant-interpolation algorithm ([@B31]) from the stored images after the experiments were completed. All data was recorded at a frame rate of 50 Hz, with an exposure time of 20 ms for each frame.

RESULTS AND DISCUSSION {#SEC3}
======================

To understand the detected signals, which are variations in microsphere height, it is useful to examine a 'rotation curve' (Figure [2A](#F2){ref-type="fig"}), which describes how the microsphere height varies as a function of applied magnet rotations or linking number, ΔLk. At low force, the height decreases when applying rotations, due to the formation of plectonemes. The addition or removal of a plectoneme results in a predictable height change of 62 ± 1 nm, measured from the gradient of the rotation curve in Figure [2A](#F2){ref-type="fig"}. Consequently the binding or dissociation of a single RPA, with 30 nt footprint, associated with three plectonemes, will result in a 187 ± 4 nm height change. This all occurs at constant total linking number, due to the torsional constraint on the molecule. The changing height along the line of constant supercoiling (blue dashed line in Figure [2A](#F2){ref-type="fig"}), indicates where the signal is obtained.

![Rotation curve and RPA-stabilized bubble formation. (**A**) Change in DNA tethered microsphere height as a function of magnet rotations or linking number, ΔLk, attributed to plectoneme formation at 0.45 ± 0.01 pN. The addition or removal of a plectoneme results in a predictable height change of 62 ± 1 nm, and the binding or dissociation of a single RPA results in a 187 ± 4 nm height change. This occurs at constant ΔLk (dashed blue line) due to torsional constraint on the molecule. (**B**) A representative example of RPA binding to a single DNA tether at 0.45 ± 0.01 pN and RPA concentration of 10 nM. The initial microsphere height indicates positive supercoiling due to +40 magnet turns. The spike in height is due to magnet rotations at 20 Hz against the natural helical twist of DNA until −60 magnet turns are reached and hence a lower microsphere height is observed. After ∼100 s an RPA nucleation event occurs and binding continues until the microsphere reaches the same height as bare DNA with zero supercoiling, except here the supercoiling is negative with magnet turns remaining at −60. Raw data are at 50 Hz; red overlaid line is data filtered to 1 Hz.](gkx147fig2){#F2}

Displayed in Figure [2B](#F2){ref-type="fig"} is a representative example of RPA binding to a single DNA tether. The initial microsphere height indicates positive supercoiling due to +40 applied magnet turns, followed by a spike in height as the magnets are rotated at −20 Hz before reaching −60 magnet turns and hence a lower microsphere height is reached. After ∼100 s, nucleation of RPA binding occurs which continues until the microsphere reaches the same height as would be the case for bare DNA with zero supercoiling, except here the supercoiling is negative with the magnet turns remaining at −60.

HARP closes RPA-stabilized DNA bubbles at very low speed {#SEC3-1}
--------------------------------------------------------

Figure [3A](#F3){ref-type="fig"} shows a typical HARP activity trace, demonstrating the closing of an RPA-stabilized bubble. At the start of the trace the micosphere height is constant, indicating that the RPA bubble is stable ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). After the addition of HARP, at the time indicated by the vertical blue line (which occurs through temporary loss of microsphere tracking) the microsphere height gradually decreases until it reaches the height expected for bare DNA that is unwound by −60 turns. In a control experiment in the absence of ATP, HARP had no activity ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) as expected from previous work ([@B9]).

![(**A**) Typical HARP activity trace demonstrating the closing of an RPA-stabilized bubble. Before the addition of 26 nM HARP, indicated by the vertical blue line (due to loss of microsphere tracking from flow), the RPA bubble is stable. After addition of HARP the microsphere goes down. KCl concentration is 101 mM. (**B**) An increase in ionic strength increases the time taken for the bubble to close. HARP concentration is 57 nM. Line is a guide to the eye. Error bars are sem; *n* = 10 (**C**). The rate of the annealing reaction increases as a function of applied force. Line is a guide to the eye. Error bars are sem; *n* = 5, 11, 5, 4 in order of increasing force. (**D**) The fraction of bubble closed as a function of HARP concentration shows, through a fit with the Hill equation, that HARP acts with positive cooperativity, requiring a minimum of 3 ± 1 HARP molecules to produce a functional effect. Error bars are sem; *n* = 7, 12, 6, 10 in order of increasing concentration. Data in panels were measured at a force of 0.45 ± 0.01 pN.](gkx147fig3){#F3}

The usual spontaneous dissociation of RPA from DNA is both force and ionic strength dependent ([@B27]) but the inclusion of MgCl~2~ in HB acts to completely stabilize the system, even in the most favorable of conditions ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) ([@B33]). Therefore, any action observed can be solely attributed to the presence of HARP. The rate of DNA rewinding, while slow compared to some molecular motors, such as prokaryotic replicative helicases ([@B34],[@B35]), fits in the regime observed for bacteriophage and eukaryotic replication machinery ([@B36]).

The rate of unwinding by helicases is proportional to force, with higher forces assisting the unwinding reaction ([@B34],[@B37]). Given this well established behavior, it would be expected that an annealing helicase would be hindered by force, slowing down with increasing force. However, counterintuitively, we observe the rate of annealing to increase with force, Figure [3C](#F3){ref-type="fig"}. Furthermore previous single-molecule studies on the kinetics of RPA on DNA ([@B27]) show that in the absence of an annealing helicase, the effect of force is opposite to the effect observed here, in the presence of HARP. In the absence of HARP, the rate of reannealing decreases with increasing force; whereas conversely, in the presence of HARP, the rate of reannealing increases with force. This may be explained by the altered topology of the DNA ([@B38]) which is consistent with the proposal that binding of HARP to the fork produces a conformational change ([@B13]).

Elucidating the mechanism of HARP {#SEC3-2}
---------------------------------

One would expect that, with increasing monovalent salt, RPA is removed at a higher rate from DNA due to the increased electrostatic screening and as observed for spontaneous dissociation ([@B27]). However, as seen in Figure [3B](#F3){ref-type="fig"} the opposite trend is observed; the time taken for the DNA to re-hybridize increases with ionic strength. Together with the demonstrated high stability of the RPA bubble due to MgCl~2~, this finding shows that increasing monovalent salt must alter the affinity of HARP for the DNA--RPA substrate. If a single HARP molecule performed the complete unwinding reaction, the rate would likely not alter with ionic strength. These data thus point towards a non-processive model where the rate of unwinding is governed by HARPs affinity for the substrate.

HARP observes Michaelis--Menten enzyme kinetics with *V*~max~ = 0.99 ± 0.02 min^−1^ and *K*~max~ = 0.016 ± 0.002 mM ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). All experiments here are carried out at 1.5 mM ATP concentration and thus are not rate limited by ATP hydrolysis. Figure [3D](#F3){ref-type="fig"} displays the fraction of bubble annealed as a function of HARP concentration. By treating the DNA--RPA bubble complex as the substrate, the data can be fit with the Hill equation to obtain a Hill coefficient of 3 ± 1, showing that HARP acts with positive cooperativity, requiring a minimum of 3 ± 1 HARP molecules to produce a functional effect ([@B39]). With the assay used here it cannot be determined if this cooperativity is a direct interaction or perhaps a long-range interaction where HARP acts at both ends of the bubble ([@B13]).

Discrete steps in microsphere height reveal microscopic information about RPA structures {#SEC3-3}
----------------------------------------------------------------------------------------

The HARP-induced closing of RPA-stabilized bubbles exhibits discrete steps in microsphere height (Figure [4A](#F4){ref-type="fig"}), which we attribute to the removal of individual RPA molecules. As the reaction speed is much slower than the acquisition of microsphere position, the steps can be clearly determined and the details used to elucidate details about the RPA disassembly. To objectively analyze these steps, each trace was first filtered with an edge-preserving Chung--Kennedy algorithm ([@B40]) and subsequently a power spectrum of the pairwise difference distribution function of trace points was made for each DNA re-annealing trace. The step size is then taken as the inverse of the peak with the highest spatial frequency that lies above a 4δ threshold, where δ is the standard deviation of the power of the highest half of spatial frequencies ([@B41]). The same process was also carried out using a Savitzky--Golay filter ([@B42]) and similar results were obtained ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

![Data on step size and dwell time for bubble closure. (**A**) Typical HARP activity trace displaying steps in microsphere height during bubble closure. The fitted steps trace overlaid here are found using the technique of Kerssemakers *et al*. but all other step analysis is as described in the text ([@B45]). HARP concentration is 57 nM and KCl concentration is 101 mM (**B**) Histogram of step sizes that occur during closure of an RPA stabilized bubble. The mean step size (red arrow) observed is 128 ± 10 nm, lower than the expected 187 ± 4 nm, with a broad distribution that is biased towards smaller steps, indicating the RPA molecules are mis-registered along the homologous ssDNA strands (inset diagram). (**C**) Dwell time between RPA removals as the reaction proceeds. The initial linear increase at 1--10 steps indicates at least five separate bubbles exist. Error bars are sem; *n* = 6.](gkx147fig4){#F4}

The mean step size observed was 128 ± 10 nm with a distribution showing a broad peak between values of ∼75--175 nm, as displayed in Figure [4B](#F4){ref-type="fig"}. As estimated above, the dissociation of a single RPA molecule is expected to result in a step size of 187 ± 4 nm due to the addition of three plectoneme loops to the DNA. If pairs of RPA, i.e. those RPA molecules opposite to each other on the complementary DNA strands, were removed in unison, a sharp normal distribution around 187 ± 4 nm would thus be expected. However, the mean value and this broad distribution, biased towards smaller steps, must be explained by steps that are a fraction of the RPA footprint. This can only be the case if the RPA molecules are mis-registered along the two complementary ssDNA strands. Then it is possible to observe any step size up to a maximum of one full RPA removal. Indeed, the abundance of steps have a value below 200 nm.

Finally, we consider the time between each step in microsphere height, the dwell time. From Figure [4A](#F4){ref-type="fig"} it is already apparent that the dwell time increases as the reaction proceeds. This is quantified in Figure [4C](#F4){ref-type="fig"}, which indicates a consistent linear increase in dwell time at the beginning of the reaction, followed by a plateau of ∼280 s after ∼10 steps. We believe this to be another indication of the non-processive nature of the HARP-induced annealing. Note that the time to remove an RPA molecule should have no memory of the previous dwell time, no matter how RPA is distributed. However, the time that it takes for HARP to find a fork-RPA junction would increase as the number of reaction sites decreases, which is possible if multiple bubbles exist at the start of the reaction. The linear increase up to 10 steps thus suggests a lower limit of ∼5 bubbles exist at the start, for our 21 kb DNA molecule. The conclusions drawn are not affected by the number of bubbles present.

HARP has low processivity and interacts with bare DNA {#SEC3-4}
-----------------------------------------------------

The rate of a processive translocating enzyme would be expected to be independent of enzyme concentration as, once bound to the DNA substrate, the process is unaffected by free enzyme. With the relatively small size of RPA-stabilized bubbles in our assay, it thus would be expected that processive HARP action would be able to completely rewind the whole bubble. In that case, the re-annealing rate would be independent of HARP concentration, which only determines the binding on rate, *k*~on~. However, as displayed in Figure [5A](#F5){ref-type="fig"}, this is not the case---the rate of bubble closure clearly increases with HARP concentration. The data thus indicate that the HARP enzyme has a non-processive nature, likely due to an association-dissociation mechanism where HARP does not remain on the substrate after removing single units of RPA.

![(**A**) The rate of bubble closure increases as a function of HARP concentration, indicating low processivity. Error bars are sem; *n* = 5, 6, 5, 7 in order of increasing concentration. (**B**) We propose that the low processive re-annealing action of HARP is due to the removal of single RPA molecules through an association-dissociation mechanism, with the protein not remaining on the substrate between RPA removals. Line is a guide to the eye.](gkx147fig5){#F5}

We also investigated the interaction of HARP with bare DNA (i.e. without any RPA in the reaction) in both positively and negatively supercoiled states. When positively supercoiled ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), no interaction was observed, consistent with the absence of bubbles and hence fork structures in the DNA, thus leading to no binding. Upon negative supercoiling, DNA will spontaneously form transient bubbles ([@B4]), and with the addition of HARP alone we observe intermittent interactions ([Supplementary Figure S6a](#sup1){ref-type="supplementary-material"}), attributed to single HARP interaction events. At higher HARP only concentrations these interactions become fixed 'jumps' in microsphere height ([Supplementary Figures S6a and b](#sup1){ref-type="supplementary-material"}). It has been suggested that the torque generated by a translocating Snf2 family protein may play an important role in remodeling ([@B43]) and it has been shown RPA dissociation is torque driven ([@B27]). These facts indicate two possibilities, firstly, HARP can stabilize bare DNA bubbles, and, secondly, as has already been shown for similar proteins in the Snf2 family, HARP may impart torque upon binding ([@B17]). The number of spontaneous bubbles that form in our experiments is limited due to an energy balance between hybridization and thermal fluctuations and we hypothesize that at sufficient HARP concentration, the limited number of bubbles that are formed are saturated with bubble-stabilizing HARP, such that the increase in height attains a maximum value.

DISCUSSION {#SEC4}
==========

A model for RPA-stabilized bubble closure {#SEC4-1}
-----------------------------------------

We propose a mechanism through which HARP acts to re-anneal RPA-stabilized bubbles. The steps in activity traces, attributed to RPA removal, demonstrate that the re-annealing is not a smooth process that occurs due to the gradual re-hybridization of the homologous strands but rather a consequence of the active ([@B43],[@B44]) nature of the enzyme in disrupting the binding of RPA, and hence its removal, allowing re-hybridization. HARP must hydrolyze ATP in order to close the very stable RPA bubbles.

The slowing down of the re-annealing as a function of ionic strength and the increase in rate as a function of HARP concentration points towards a mechanism where HARP has very low processivity because it acts to remove a single RPA per interaction, which is an association-dissociation mechanism (Figure [5B](#F5){ref-type="fig"}). From steps (i)--(ii) HARP binds reversibly to an RPA-fork junction; in (ii) HARP disrupts RPA molecules such that they disassociate from the DNA, leaving two bare complementary strands of DNA (iii); the DNA is thus free to re-anneal and close the bubble (iv). It remains possible that between steps (i) and (iv) HARP assists in the re-annealing and in some way regulates the re-opening of the bubble. The evidence also suggests HARP may induce torque at the fork structure to disrupt the RPA molecules and that it is likely that HARP acts at both ends of a bubble simultaneously, or requires multiple units at a single fork.

CONCLUSION {#SEC5}
==========

Through formation of RPA-stabilized bubbles at the single-molecule level, we have been able to gain insight into the mechanism of action of HARP on a physiologically relevant substrate. We have showed that HARP closes RPA-stabilized bubbles through an association-dissociation mechanism, likely with the action of more than one enzyme simultaneously. Furthermore, our work provides insight into the structure of RPA bubbles at physiologically relevant supercoiling.The data indicate that for *σ* ≈ −0.03 at least five bubbles exist and that the RPA molecules on these bubbles are mis-registered on the two complementary strands. The development of this assay and this work lays the groundwork for future studies such as those investigating mutant HARP, or similar torsionally-dependent systems.
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